Studies on bilirubin continue to be of interest for medicine and chemistry. Recently I have had an opportunity of reviewing developments regarding bilirubin production and inhibitory aspects of its secretion (Lathe, 1964) . The present review will be concerned chiefly with recent work on the estimation of bilirubin, pigment I, the cause of kernicterus and the enterohepatic circulation of bile pigments.
Methods
The determination of bilirubin and of conjugated bilirubin is being actively studied in many laboratories and has been reviewed by Watson (1961) . The standard of accuracy required is far less demanding in adult medicine than in the newborn period. In the former there is no need for an accuracy greater than 15-20 %, for bilirubin and conjugated bilirubin. Because of the increased incidence of kernicterus and other forms of brain damage (Fisch and Norman, 1961) , when plasma bilirubin exceeds 20 mg. per 100 ml. during the newborn period, an accuracy of 5 %is highly desirable in laboratories serving maternity hospitals. In many centres exchange transfusion is recommended on the basis of the concentration of bilirubin. This procedure is not without hazard and unless great care is taken in the laboratory the operation may be undertaken on occasion purely on the basis of laboratory error. Low values are readily produced by exposure to light. Lucey, Phillips, Utterback and McKay (1962) reported that a difference in the treatment of the bilirubin standard was the main factor determining a 5 fold greater incidence of exchange transfusion in one hospital than another. Westphal, Viergiver and Roth (1962) distributed a serum of 20 mg. bilirubin per 100 ml. to 13 laboratories, and reported that the standard deviation of the analyses was 1·8 mg.
In adult medicine the percentage of conjugated pigment is of no use in distinguishing hepatitis from obstructive jaundice but may help in defining haemolytic jaundice. Where total bilirubin is required direct spectroscopy may be used. Serum is diluted with phosphate buffer in the methods of Meites and Hogg (1960), and Jackson (1961) . Both read the bilirubin at 453 (or 455) mIL and correct for haemoglobin by a reading at 579 mIL. Compensation for turbidity is not made in these methods. Stevenson, Jacobs and Henry (1964) dilute serum in glacial acetic acid and ethylene glycol for direct spectroscopy followed by chloroform extraction to determine unconjugated bilirubin. Broderson and Vind (1963) have a similar method.
For speed and simplicity the new method of Ferro and Hamm (1963) can be recommended. Biliverdin is produced by oxidation with ferric ion in an acid medium containing isopropyl alcohol and methyl cellosolve (to dissolve lipids). The single reagent is stable for 6 months. The only manipulation is filtration. The reading is made at 660 mIL and there is little interference from haemoglobin and carotenoids.
Most methods for determining bilirubin are still based on the diazo reaction. Fog (1958) has produced a modification of the Jendrassik and Gr6f (1938) procedure by reading the diazo pigment in alkali at 660 mIL. This reduces the effect of other pigments. For urine, Michaelsson (1961) recommends a copper .diazo method. The Malloy and Evelyn principle continues to be the basis on which most modifications, such as that of Lathe and Ruthven (1958) , are based. Our method, which was devised for rapid and accurate determination of bilirubin and conjugated bilirubin in newborn heal-prick sera, with compensation for haemoglobin, has been commended by several studies. On the other hand, a number of people have commented that the rate of coupling of bilirubin in newborn sera is extremely variable, even with 1% su1phanilic acid. In practice, readings must be made at least at 5 and 10 minutes, to be certain that the reaction has gone to completion. Longer may be required. (1960) was used to estimate pigment I, substantial amounts were found in the serum of premature infants. Indeed in many infants it predominated. Eberlein's method has the advantage that plasma protein remains in solution, and thus avoids the possible criticism of our partition column methods that pigment I might be lost by adsorption to protein in the extraction of pigment from serum. However, if many newborn sera contained pigment I they should have given a direct reaction, and in our experience this was rare. Eberlein's technique has been criticized by Gregory & Watson (1962) since it did not agree with Schacter's method (1959) , and Tisdale and Welch (1962) found it unreproducible.
The evidence that pigment I is not the monoglucuronide of bilirubin has been considerably strengthened by recent work. Nosslin (1960) , Weber, Schalm & Witmans (1963) and Gregory (1963) have confirmed our observation regarding the rechromatographing of pigment I (Fig. 1) .
The weakest part of most methods is probably the bilirubin standard. Commercially available materials are usually impure and do not reach the molar extinction (at 453 mu) of 59, 100-62,300 in chloroform, which has been recommended by the Joint Bilirubin Committee of the American Academy of Pediatrics, the College of American Pathologists, the American Association of Clinical Chemists, and the National Institutes of Health (Anonymous, 1962) . Henry, Jacobs and Chiamori (1960) and Fog (1964) have described simple purification procedures. Broderson and Vind (1963) point out that the molar extinction increases by 24 %from 1 to 28 fLM in chloroform.
We have not found this to be true up to an E 4 53 of 0·9.
Chloroform has disadvantages as a solvent for the bilirubin standard, for the latter is very light sensitive in it and the solvent is volatile. It will keep for weeks in a dark bottle at 4 0 • Chloroform also slows up the rate of coupling of bilirubin (unpublished observations) and lowers the extinction of azobilirubin pigments in 50 % methanol (Henry, Jacobs and Chiamori, 1960) . Mather (1960) recommends preparation of an albumin-phosphate standard. This will not protect against light sensitivity. The standard bilirubin albumin solution recommended by the Joint Bilirubin Committee is stated to be stable for about a week at -20°. One gathers that commercial freeze dried albumin bilirubin standards are not yet satisfactory. Under these circumstances, a chloroform solution, kept at 4°a nd in the dark is probably preferable. For day to day control of routine analyses, a neutral grey solution (King and Wooton, 1956 ) is probably satisfactory.
Pigment I.
In recent months a number of studies of pigment I have appeared. This pigment was first observed by Cole, Lathe and Billing (1954) in reverse phase chromatography of bile pigment from adult sera. As it contained one mole of glucuronic acid it seemed probable that it was the monoglucuronide of bilirubin. However, we found that if the pigment were eluted and rechromatographed, pigment II (the diglucuronide) and bilirubin were obtained (Billing, Cole & Lathe, 1957) . We noted in studying adult jaundice that acute obstruction was associated with less pigment I than was chronic obstruction or hepatitis, and attempts were made to use this observation for diagnostic purposes, but without much success (Hoffman, Whitcomb, Butt & Bollman, 1960 Lucey, et al (1964) .
Very recently, however, a partial answer has been given by studies on monkeys (Macaca mulatta). Windle (1963) has found that 10 to 12 minutes asphyxia at birth resulted in minimal damage if the animals were resuscitated and allowed to survive. In a later study (Lucey, Hibbard, Behrman, De Gallardo & Windle, 1964) asphyxia was combined with repeated and the observation that repeated exchange transfusions, which could be used to wash bilirubin out of the tissues, reduced the incidence of kernicterus by about 90 %. Nevertheless, it was sometimes pointed out that exchange transfusion might be producing a beneficial effect in some other way. The possible role of an undeveloped blood brain barrier in the newborn has often been aluded to. Early attempts to produce kernicterus by administration of bilirubin to adult animals were frustrated by the extraordinary capacity of the adult liver to conjugate and secrete this pigment. Fortunately, nature provided a ready made demonstration in the Gunn rat which lacks bilirubin-glucuronyl transferase and which has high levels of plasma bilirubin; this is frequently associated with brain damage. In newborn kittens, but not dogs or rabbits, the repeated administration of bilirubin produced brain pigmentation. In the latter species an additional factor was required. (Rozdilsky & Olszewski, 1961 .) If hypoglycaemia were produced, or if ethanol was administered intravenously, brain pigmentation ensued. The differences between the human brain and those of small laboratory animals is so great that it seemed that little more could be contributed by this type of experiment.
Weber et al. (1963) find that if pigment I is extracted from a column with alcohol or acetone, and dried, part becomes chloroform soluble; the remainder is water soluble, and gives a direct reaction. Chromatographically these two components behave like bilirubin and its diglucuronide. Weber's group has prepared pigment behaving chromatographically like pigment I in two ways-firstly by mild alkaline hydrolysis of pigment II and secondly, by adding bilirubin to pigment II in serum. These facts could be explained either on the basis of the migration of glucuronic acid from one carbonyl group to another, or by the complexing of bilirubin and pigment II. The former is unlikely, though migration to form an N-glucuronide is conceivable. Weber et al. (1963) suggest that complex formation is probable and that the proportions of the two components in serum and the time for complex formation determines the amount of pigment I. It is possible that other factors may also be involved. In view of the evidence for complex formation, a number of methods for determining unconjugated bilirubin by distribution between solvents will hav~to 1;>e re-examined, to see whether the complex IS split, This probably occurs in the method of Weber and Schalm (1962) . Re-examination of the claims of Zuelzer et al. (1961) with newer techniques may prove rewarding.
Kernicterus. Considerable importance attaches to the question whether bilirubin is the cause, one of the causes, or only a result, of the brain damage which is described as kernicterus. Schmorl (1904) who described this pathological condition, favoured the latter interpretation and in the following years anoxia was often considered to be the primary damaging agent. This was supported, indirectly, by the fact that jaundice in the adul~was not. associated~ith staining of the brain, or WIth neurological abnormalities. Two advances undermined this concept. Firstly, kernicterus occurred very frequently in haemolytic disease of the newborn treated by (inadequate) exchange transfusion, even though there was negligible anaemia. Secondly, the brain pigment was shown to be bilirubin, and not bilirubin glucuronide, which predominates in serum of adult patients with jaundice. The alternative hypothesis, that bilirubin caused brain damage, was supported by the occurance of kernicterus in every condition with high plasma concentrations of unconjugated bilirubin, the absence of kernicterus in cases of haemolytic disease not associated with jaundice, intravenous administration of bilirubin so that the plasma pigment was sustained at 20-35 mgl 100 ml. for many hours (Fig. 2) . All six animals in which asphyxia was combined with hyperbilirubinaemia showed severe lethargy, hyperexcitability and abnormal EEG tracings. Four had tremors and opisthotonus. Three had focal seizures. At autopsy all showed nuclear staining. Hyperbilirubinaemia alone, i.e., without the initial asphyxia, produced slight lethargy but no other neurological signs, nor pigmented nuclei. It may be concluded then that while bilirubin alone does not produce brain damage in the monkey in the presence of subliminal asphyxia, bilirubin yields major damage of a type which differs in many respects from that produced by more extreme asphyxia.
Thus, bilirubin is assigned a causative role in the monkey but it alone is not decisive. The precise role of additional factors, indeed their necessity for production of kernicterus in the human, is still unclarified, as Windle has pointed out that the newborn Macaca mulatta brain is in a more advanced state of development than is the newborn human.
Supporting evidence of a toxic role of unconjugated bilirubin has come from in vitro studies of its effect on oxygen consumption and oxidative phosphorylation. Zetterstrom and Ernster (1956) noted a drop in Q02 of mitochondria with glutamate and succinate as substrates but not with a ketoglutarate, pyruvate plus malate or -hydroxybutyrate. In each case, however, the PIO ratio was greatly lowered. The addition of NAD plus cytochrome C reversed the effect on Q02 (substrate glutamate) but not that on oxidative phosphorylation. Biliverdin was without effect. Other studies have been reviewed by Day & Johnson (1959) . Ebnoter & Vest (1959) confirmed the variable effects with different substrates and showed that 5 day old mice were more sensitive. Dioguardi and Secchi (1960) reported that bilirubin and conjugates affect many enzyme systems. Biesold, Liebold and Theile (1962) have shown the effect on oxidative phosphorylation at concentration as low as 4 mg. per 100 ml., while 1 mg. inhibits respiration. Young and adult brains behaved alike. Biesold (1963) finds that both bilirubin and biliverdin produce mitochondrial swelling.
It would be very useful to know whether high concentrations of unconjugated bilirubin were equally hazardous at an older age. The occurranee of neurological damage in cases of Crigler-Najjar syndromes throws some light on this. Schmid (1960) summarized reports up to 1959. Of 14 cases (including unexamined newborn sibling that died with jaundice) 4, aged 8 years, 5 years, 2! years and 8 years, had no neurological damage. Since then a number of reports have appeared from Hungary, France, United States and Israel. (Szabo, Kovacs & Ebrey, 1962; Szabo and Ebrey, 1963; Lelong et al., 1961 ; Whitington, 1960; Martin, Black and Van Leevwen, 1964) . Sugar (1961) reported on a father (aged 30) and his 3! year old daughter. The father (unconjugated bilirubin 14-34 mg. per 100 ml.) suffers from congenital deafness. The daughter (bilirubin 18-24 mg. per 100 ml.) received 4 exchange transfusions in the first 5 weeks and was developing normally. Two cases studied by Gray & Nicholson (1963) may be classified as Crigler-Najjar syndrome. It appears then, among 23 probable cases, that 6 are relatively normal (one being 30 years old), 2 have developed damage as late as 9 weeks and 3 years, and the remainder were affected very early. Although inconclusive this evidence suggests that the newborn brain is more vulnerable.
Enterohepatic Circulation of Bilirubin. Some of the most important and elegant studies of bilirubin metabolism have been made by Schmid and his colleagues using C14-labelled haemoglobin and bilirubin (Ostrow, Hammaker & Schmid, 1961) . By collecting the labelled bilirubin from rat bile Ostrow, Jandl & Schmid (1962) showed that almost 100% of the haem of intravenously administered labelled haemoglobin was recovered as bilirubin (glucuronide), provided that the administered haemoglobin did not saturate the haptoglobin. With larger doses the recovery as bilirubin was 63-80 % of the administered haemoglobin. Ostrow, Schmid & Samuelson (1963) confirmed that bilirubin at physiological and pathological concentrations migrates electrophoretically with plasma albumin alone. Indeed, up to 2 moles of bilirubin per mole of albumin the pigment was undialysable at pH 8·6.
Maternal-foetal exchange of bile pigment in guinea pigs has been examined (Schenker, Dawber & Schmid, 1964) . Unconjugated bilirubin given to the foetus is largely (52--66 %) recovered in maternal bile in 2 hours, compared with 4 %of conjugated bilirubin administered to the foetus. Neither bilirubin nor its glucuronide were excreted by the foetal liver. Similar experiments in Macaca mulatta (Lester, Behrman & Lucey, 1963) suggested that foetal biliary excretion may be partly developed in this primate. The glucuronyl transferase contents of 2 foetal livers were 20 % and 75 % of adult livers. Since bilirubin readily passed the placenta and conjugated pigment tended to be trapped in the foetus the suggestion has been made that the delayed maturity of the glucuronyl transferase system serves the purpose of facilitating the disposal of bilirubin via the placenta and the mother.
Perhaps the most important contribution made by Schmid concerns the enterohepatic circulation of bile pigments. Early studies showed that the intravenous administration of C 14-labelled bilirubin or its glucuronide was rapidly followed by secretion in the bile. In parallel experiments with Gunn rats only bilirubin glucuronide could be excreted, for conjugation does not take place in this strain of rats. By administering pigment into the duodenum rather than into the circulation, its absorption intact could be evaluated. The experiments with normal rats (Lester & Schmid, 1963a) proved that bilirubin was absorbed several times faster than conjugated bilirubin, though over 72 hours the accumulative absorption was similar (24-91 %). A large percentage (36-100%) of the re-excreted label was bilirubin (glucuronide). The form passing into the portal circulation was mainly bilirubin and not the glucuronide since the label was retained in the plasma of Gunn rats (and was extractable as bilirubin) but was not excreted, as happened to intravenously administered bilirubin glucuronide. Presumably hydrolysis of the glucuronide was a precondition for absorption. Schmid points out that these properties are consistent with the general rule that intestinal absorption of lipid-soluble substances exceeds that of large polar molecules. It may be con- Absorption from the human gut has been investigated similarly (Lester & Schmid, 1963b) by administering labelled pigment into the duodenum of two patients with tubes in the common bile ducts, and into a patient with the Crigler-Najjar syndrome (the human parallel to the Gunn rat). In the former, 25 %of the unconjugated pigment was absorbed and re-excreted, more than half of it appearing as bilirubin glucuronide. This was comparable with the rat absorption experiments. Conjugated bilirubin, however, was only absorbed 5 % and less than half excreted as bilirubin (Fig. 3) . Although more experiments are desirable, these suggest that the main difference between the human and the rat lies in the reduced absorption of conjugated bilirubin in the human. A second finding is that about half of the re-excreted label in the human is not bilirubin, but more polar, diazo-negative pigments. "Since under physiologic conditions virtually all bilirubin in the bile is conjugated it appears probable that there is no ' enterohepatic circulation' of bilirubin in man" (Lester & Schmid, 1963b) .
The demonstration of an enterohepatic circulation of bilirubin in the rat raised the question whether this might play a part in human jaundice, especially in the newborn infant. Broderson & Hermann (1963) drew attention to the marked predominance of unconjugated pigment in newborn faeces (due perhaps to the presence of much~-glucuronidase). Kunzer, Schenk & Vahlenkamp (1963) noted that 16-26 % ofthe bilirubin in duodenal contents of new born infants was unconjugated. have shown that in the adult Gunn rat 24 % of the daily production of bilirubin was found, as such, in the faeces. This pool of bilirubin could be trapped there, by adding 5 % cholestyramine to the food, and on this regime plasma bilirubin concentrations fell by 30-45 % (Lester, Hammaker & Schmid, 1962 ). An attempt by Schmid, Forbes, Rosenthal & Lester (1963) to achieve the same results in jaundiced premature infants failed, and was attributed to a more firm binding of bilirubin to human albumin. In view of Broderson & Hermann's finding of much unconjugated bilirubin in newborn faeces this should be examined further as it can be calculated that when the plasma bilirubin is steady at 20 mg. per 100 ml. the small gut receives each day bilirubin equivalent to two thirds of the pigment in its plasma compartment. A small reabsorption could make a considerable difference. It is desirable that the absorption of labelled bilirubin and conjugated bilirubin from the small gut of the newborn infant be examined directly.
Summary
Recent work on the determination of bilirubin, the nature of pigment T, the cause of kernicterus and the enterohepatic circulation of bilirubin has been reviewed.
